Samples with vein structures were taken from Sites 787 and 793 in the forearc basin of the Izu-Bonin island arc off Aoga Shima and Sumisu Jima, respectively, between the present volcanic front and the outer arc high. The samples were studied by thin section, X-ray radiograph, and magnetometer; they are discussed with respect to the tectonic implication of the vein structures to the island-arc development.
INTRODUCTION
"Vein structure" is sporadically seen in compacted mudstones as an array of mud veins (Ogawa, 1980; Cowan, 1982; Ogawa and Miyata, 1985; Helm and Vollbrecht, 1985; Knipe, 1986; Lundberg and Moore, 1986; Brown and Behrmann, 1990) . Each mud vein is 100 µm to 1 mm in width and 1 cm in length in cross section, but they continue considerably longer in the third dimension. Veins are closely spaced at 1 -mm intervals to make a specific structure in an array. Some veins often show a sigmoidal shape (Cowan, 1982) but not always. There are many variations of the shape of each vein and sets of veins, and they are classified in several ways, as in figure 3 of Ogawa and Miyata (1985) . The basic type of vein, however, is a fish style.
This structure has long been recognized on land in central Japan, but only recently has it been described in detail by Ogawa (1980) from the Miura-Boso peninsulas, central Honshu, which corresponds to the northern extension of the Izu-Bonin forearc. Many examples have been cited by Deep Sea Drilling Project (DSDP) drilling in the area, particularly on Legs 57 and 87 in the Japan Trench landward slope (Arthur et al, 1980; Leggett et al., 1987) , and on Legs 67 and 84 in the Middle America Trench landward slope off Guatemala (Cowan, 1982; Ogawa and Miyata, 1985) . Most of those examples are known from the trench-landward slopes of nonaccretion-type convergent margins, that is, the veins favor the trench-slope covers. Beside these examples, some cases have been found in backarc settings or in accretionary prisms, all of which are involved within a horizontal stretching regime, as will be discussed later.
The examples described and discussed in this paper were taken from the forearc setting of the Izu-Bonin (Ogasawara) Arc during drilling at Ocean Drilling Program (ODP) Sites 787 and 793 (Fig. 1 ).
Other sites, such as 788, 789, 790, 791, and 792, did not yield any vein structures. Site 784, just on the foot of the serpentine diapir mound on the more trenchward slope of the Izu-Bonin Arc, has examples of vein structures within Pleistocene and Miocene sections (Shipboard Scientific Party, 1990) . However, the vein horizons tend to be restricted to mostly Oligocene to Miocene levels. The restricted sites and horizons may be a result of tectonic settings and lithologies that depend largely upon age; although the critical horizons differ between Sites 787 and 793, the latter contains more radiolarians. In these cases, the critical lithologies seem to be either radiolarian or vitric claystone or mudstone, or just claystone. No coarse sediments, such as sandstone or coarse tuffaceous rocks, have any vein structures.
Our examples, therefore, have definite sedimentary and tectonic significance for the development of the Izu-Bonin island arc. To determine this significance, we must first describe their occurrence and note the vein attitude using a magnetometer; we will then discuss the origin and related tectonic implication of the vein structures in the context of island-arc development.
METHODS
Samples were taken with a 25-cm 3 plastic tube onboard the JOIDES Resolution. Arrows indicate the vertical upward direction. The X, Y, and Z abscissa were set as in Figure 2 . X-ray radiographs of thinned slices of the core samples on an X-Z plane and ordinary pictures were taken onshore (Fig. 3) . Thin sections were made of the same position for X-ray radiographs. Some of the samples were so soft from desiccation that treatments of any kind could not be undertaken. The samples were then treated with a magnetometer to determine the original attitude of the veins according to the methods described below. 
DESCRIPTION OF THE VEIN STRUCTURES

General Description
Site 787
Site 787 is located at 112 km outward from the volcanic front, Aoga Shima (Aogashima Island), and inward of the outer-arc high (Figs. 1 and 4) . According to the seismic section (Taylor, Fujioka, et Core "up" al ., 1990, pp. 407-413) , the surface of the forearc basin dips seaward at 1.6°. The Oligocene to Holocene strata and the Miocene and Pliocene unconformities abut toward the east upon the Eocene outerarc high. Strata are normally faulted through the upper section, suggesting that horizontal west-east stretching has occurred rather recently. Thus, the present forearc is known as a failed rift, which was formed for a short period during the early Oligocene (Taylor, Fujioka, et al., 1990, pp. 66-96) .
The site was drilled to about 320 m below the seafloor (mbsf) to the upper Oligocene. Only very thin Miocene and Pliocene sections were recovered, probably because of erosion in the old canyon. The Oligocene strata are normally faulted. Most of the samples that show vein structures are radiolarian-bearing, tuffaceous mudstone or claystone, but they are not as radiolarian-dominant as the samples from Site 793 described below.
Sample 126-787B-9R-1, 11-13 cm, has spaced thin veins of a braided type within bioturbated mudstone. Bedding is horizontal, and veins are almost vertical ( Fig. 3B-1) . The veins cut and dislocate the trace fossils, suggesting a small displacement in a normal fault sense. Sample 126-787B-11R-3, 21-23 cm, has a braided type of vein in reddish mudstone ( Fig. 3A-2 ). In this case, the general trend of the vein is steep to the bedding, which is horizontal. Sample 126-787B-21R-3, 37-38 cm, has and irregular, but braided vein type with a clastic dyke (Fig. 3A-3 ). These three examples are all from the upper Oligocene strata. The development of the veins is not so remarkable at Site 787; they are more or less irregular and scarce.
Sue 793
Site 793 is located at about 58 km outward from the volcanic front, east-southeast of Sumisu Jima (Sumisu Island) (Figs. 1 and 4) . In the north-south seismic section, the strata are almost horizontal, but in the west-east section the surface of the slope dips seaward at about 0.72°. The strata are associated with scarce undulations and small scale displacement normal faults (Taylor, Fujioka, et al., 1990, pp. 407-413) .
A 172-m-thick middle and lower Miocene unit was drilled after drilling without coring from 100 to 580 mbsf. Below this, a 645-mthick upper and lower Oligocene sequence was drilled above the lower Oligocene andesitic pyroclastic and lava rocks. Most of the Oligocene sections are volcaniclastic rock, whereas the Miocene section is less tuffaceous and muddy or rather clayey. Mud vein structures were observed only in the Miocene sections, particularly in the silty claystone, commonly in radiolarian-rich claystone from 2 cm B 2 cm Cores 126-793B-12R to -30R. Vein structures were not observed in the Oligocene section, which is dominant in volcaniclastic materials. In the Oligocene section clastic dikes, mineral veins of zeolite, and/or calcite were seen instead. Sample 126-793B-12R-1, 21-23 cm, has sigmoidal veins with a fair amount of braiding in bluish mudstone (Figs. 3A-4, 3B-2, and 3B-3). The oblique view of the sample ( Fig. 3B-3) indicates that the veins dip vertically. The veins are bold at their central part and thinned and braided toward the edges, which are branched. The sigmoidal pattern seems to be caused by the drag sliding along the bedding plane, although no sharp slip planes were recognized. Sample 126-793B-16R-5,94-96 cm, has very closely spaced and braided, anastomosed, and sigmoidal veins in reddish claystone . Although braided, the general dip of the veins is vertical. Veins cut and dislocate the horizontal trace fossils in an antithetic fashion by normal faulting. Sample 126-793B-17R-2, 73-75 cm, has thin and anastomosed veins within a pinkish claystone (Figs. 3A-6, 3B-6, and 3B-7). A thick, dark fault zone of 2-mm width truncates the vein structures. The general dip of the veins is also vertical in this case. Sample 126-793B-18R-3, 82-84 cm, has very irregular but anastomosing veins, dipping about 72° in a bluish mudstone . Sample 126-793B-19R-2, 25-27 cm, has sigmoidal veins in a bluish mudstone of about 80° dip ( Fig. 3B-9 ).
Beside these vein structures, several examples of small-scale normal faults were described within the Miocene section (Taylor, Fujioka, et al., 1990, pp. 315-403) .
Thin Sections and SEM Descriptions
Thin sections and samples for the scanning electron microscope (SEM) were prepared for most rocks that had vein structures (Figs. 5, 6, 7, 8, and 9) , although some were not successful because of the extremely soft conditions of the samples. In general, the vein parts are dark in color; however, the dark vein parts become rather light when the samples are dried, so that the darkness may be caused by a higher water content. The vein part is exclusively of a higher X-ray absorption ( Fig. 3A) , which may be caused by the more compacted or recrystallized character within the vein.
Sue 787
Vein-structure-bearing samples at Site 787 are more or less scarce in radiolarians, but some parts still have their tests within the clay matrix. Some tuffaceous fragments, such as Plagioclase, pyroxenes, and so on, were seen. Each vein is anastomosed and has sharp boundaries between the matrix (Fig. 5) . Fragments of radiolarians or ash can been seen on the boundaries between the veins and matrix.
The surfaces of the vein structure were observed by SEM from the matrix side. Small-scale lineations may indicate a slickenside structure, suggesting scratches and displacement along the vein surfaces (Fig. 6) . Some veins are displaced in a normal fault sense, as in Figure 3 . This is coincident with the small-scale normal fault cutting the bioturbation.
Site 793
Vein-structure-bearing samples at Site 793 are considerably radiolarian dominant, as shown in Figures 7 and 8 . Radiolarian content can be as much as 40% in volume. In this case, the veins are also anastomosed and make sharp contact with the matrix. In the case of Figure 8 , a scarplike topography is seen on the boundary. Tests and fragments of radiolarians and ash are associated either within the veins or on the border of the veins, but the latter case is more common. The vein part is more clayey than in the matrix, which is much richer in radiolarian tests and fragments (Figs. 7 and 8) . Sometimes thin (about several tens of microns thick) layers of transparent clay zones are on both outermost sides of the veins (Fig. 7) .
From these SEM studies and photomicrographs, it is known that the vein part is much richer in clay than the matrix, which includes some fragments. In these cases, clay minerals are sometimes arranged parallel to the walls of the vein (Fig. 9B) .
Thus, we conclude that the veins were preferentially formed in more radiolarian-dominant claystone or mudstone, and the vein part was occupied by clay minerals arranged parallel to the extension of the vein. These observations suggest that clay minerals were deposited either by clay mineral injection or recrystallization within the veins.
Vein Shape and Arrangement
Veins were generally formed parallel to each other, and the most primitive style in the incipient stage is a fish style (Fig. 10) . However, Figure 7 . A. SEM photograph of nonvein part illustrating radiolarian-dominant mudstone (Sample 126-793B-12R-1, 21-23 cm). B. Vein part illustrating parallel arrangement of clay minerals and spine (same sample as in Figure 7A ). in many cases the vein develop in an anastomosing manner. The anastomosing angles are mostly 10° to 20° (Fig. 9A) . We usually did not see displacements along the vein of the incipient stage, suggesting that the vein is just an extensional fracture, particularly in the central part. Sometimes, however, veins displace the bedding trace or previous veins, indicating shear fractures. In the latter case, there are two types of shear fracture.
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In one type, bifurcation occurs at both ends (the top and bottom of the vein), even in fish-style veins ( Fig. 10; see fig. 3 in Ogawa and Miyata, 1985) . The bifurcation may represent conjugate shear fractures. In the other case, the veins have two or more stages. Clear-cut relations between the first and second stages are few, but it is always suggested that the central bolder part is older than the thin parts, which are seen as braiding from the central part that occurred in the second 0-01 mm Figure 8 . A, B. SEM photographs of vein part (Sample 126-787B-8R-1, 11-13 cm). The arrow in Figure 8 A indicates the wall of the vein enlarged in Figure 8B. stage ( Fig. 10 ; Knipe, 1986) . In most cases, veins of the second stage are more vertical than in the first stage, which has rotated around the central part, opposing the previously mentioned vein obliqueness to the bedding, unlike the examples of Knipe (1986) or Saito and Nagahama(1989) .
Sometimes, a bedding subparallel fault gouge was observed, as explained by Kimura et al. (1989) . The feature inside of the fault is very similar to that of the vein structure, but the former never thins out and is almost parallel to the bedding plane and is straighten The fault gouge has a Cataclastic texture, as indicated in Ogawa and Miyata (1985) , suggesting that arather strong breaking of the grains occurred by strain hardening. Sometimes veins cut the fault gouge and sometimes vice versa, indicating that the vein formed both before and after the bedding plane sliding. 
ATTITUDE OF VEIN BY MAGNETIC MEASUREMENT Procedure
The cores are almost vertical, so that samples in the tube have an orientation within a horizontal X-Y plane; then the arrow is almost vertical in an X-Z plane (Fig. 2) . However, in this case, we do not know the real north direction in an X-Y plane. Therefore, we first assumed that X = magnetic north; then we measured the strike and dip of the vein plane within this coordinate. Natural remanent magnetization (NRM) was done with the Schonstedt spinner magnetometer (SSM-1A) at the Ocean Research Institute, University of Tokyo. The NRM intensities of the samples range from 7.31 × I0" 6 to 4.55 × 10""* emu/gr. The intensity was fairly stable after alternating-field (AF) demagnetization. We used a Schonstedt two-axis tumbler demagnetizer with a maximum AF up to 100 or 600 mT until the sample showed a constant direction of magnetic orientation. An example of the demagnetization path is shown in Figure 11 .
Results
The results of the above experiments are given in Table 1 , and the attitude of each vein (calculated using the constant direction demagnetization) is projected in Figure 12 . The processes may contain systematic errors that arose during the various stages. The greatest error was from the measurement of the vein plane at the beginning relative to the X-Yplane, because most of the veins were anastomosing in two dominant directions. In all cases, we measured the general direction of the veins, so this may account for an error of about 5° in the strike and dip. In addition, too few samples were measured. We usually need at least three samples from each location; however, because of the sampling policy, we were limited to one sample per core.
If we look at Figure 12 , we can see that the strikes of the vein vary from 275° to 360° (i.e., 315° ± 40°), and the dips are very steep (more than 70°). Furthermore, most are vertical at Site 793. The strong NRM measurements were taken at either the point of sedimentation or veining. The sedimentary magnetism was possibly converted at the time of the clay mineral recrystallization, or it remained still strong until this time. This needs to be checked in the future. However, our tentative results imply that the veins formed with a dominantly northwest-southeast strike and subvertical dips.
DISCUSSION
Tectonic Significance of Vein Structure Formation
These kinds of vein structure were first described on land as fracture cleavages at the time of dewatering, called "beardlike veinlet structure" by Ogawa (1980) in the Miura and Boso peninsulas to the northern extension of the Izu-Bonin forearc in central Honshu. He noticed that the vein structures were associated with normal faulting under horizontally extensional conditions and acted as a dewatering path. From the sea bottom, similar structures were found from the Japan Trench landward slope by Arthur et al. (1980) and later Leggett et al. (1987) ; they concluded that this was a dewatering phenomena. However, most of the veins are constrained within a zone so that they form an array within a single bed. Each vein thins out to both sides, suggesting that it was not formed by dehydration. A dewatering vein that serves as a pipe or that dewaters along a fault plane differs from these vein structures. We think that the vein structures in these samples were not effectively dewatering.
Vein structures from the landward-slope sediments of the Middle America Trench have been extensively described by Cowan (1982) and Ogawa and Miyata (1985) . They concluded that these vein structures were formed as fracture cleavages under horizontal extension and were later modified into sigmoidal shapes by downslope sliding. On the other hand, Helm and Vollbrecht (1985) hypothesized that these same sites were formed by antithetic Riedel shearing.
Vein structures seen within the Oceanic Formation of Barbados Island occur in the forearc basin. Also, they were found in both the seaward and landward slopes of the accretionary margin in the Barbados Ridge accretionary prism in ODP Leg 110 (Moore, Mascle, et al., 1989) . In the latter case, the veins were thought to be formed by horizontal shearing around the incipient decollement zone before being incorporated into the accretionary prism Brown and Behrmann, 1990) . However, Ogawa's preliminary hypothesis during Leg 110 was that the veins were formed by vertical compression around the normal fault in the downgoing slab in an oceanic plate realm. Kimura et al. (1989) discovered a vein structure from the piston core taken from the seaward slope of the Yap Trench and concluded that it was formed by Riedel shearing in conjunction with subhorizontal shearing planes. They thought that the vein structures needed slope instability to form a sliding plane and that the shearing associated with such a sliding regime would cause the vein structures to be Riedel or anti-Riedel shear planes.
Beside these forearc settings, the occurrence of vein structures in the backarc settings have also been reported significantly. Iwamatsu (1979) included a picture of a vein structure in the Pliocene Nishiyama Mudstone Formation on the Japan Sea side, central Honshu, that corresponds to a backarc setting. Some siliceous deposits from the Miocene Onnagawa Formation in the backarc area of the northern Honshu also yielded vein structures (T. Tsuji, pers. comm., 1990) .
Thus, several tectonic settings exist for the formation of vein structures in the world. Generally, however, it can be stated that vein structures were formed on trench-landward-slope settings, with some exceptions that formed in the lower position of the incipient subduction zone decollement, as has been thought in the Barbados case and the backarc setting in central and northern Honshu. All of these settings favor a horizontal stretching of the strain field rather than a shortening of it.
Similar ideas about shear stress conditions on slopes have been suggested by such authors as Ritger (1985) , Knipe (1986) , Shipboard Scientific Party (1990), Saito and Nagahama (1989) , and Brown and Behrmann (1990) . Most of these authors have suggested that the subhorizontal shear plane may rotate around the original tension gash that developed from an extensional fracture or from a Riedel shear to a sigmoidal pattern. Sometimes these authors have claimed that the subhorizontal shear planes have penetrated the central vein structure parts as a result of strong shearing.
Formation of Vein Structures
Clay mineral formation within the veins is thought to occur as follows: The veins may originally form as either extension or shear fractures. With regard to extension fractures, they can be formed by hydraulic fracturing under high pore pressures. Even if differential stresses are not large, fluid pressures can be high enough to cause the Mohr's circle to contact the Mohr envelope surface in the diagram (Fig. 13 ) and extensional fractures can occur. If the differential stresses are small enough, σ< 4 T o (T o =extensional strength) (Suppe, 1985) . On the other hand, a conjugate shear fracture would be formed if σ< -4ΛT^~ T O , as indicated by Suppe (1985) . A hydraulic fracture can occur in nature when high pore pressure results from either tectonic pumping (Price, 1978; Moore, 1989) or compaction, which may prevent water escaping through low or no permeability. The latter case may preferentially occur when a lot of clayey sediments are present. When high pore pressure conditions continue during fracturing within the vein, the veining formation may be the last structure to develop.
When fluid pressures are equal to lithostatic pressures, parallel bedding slides may be caused even by low oblique tangential stresses on the bedding plane because that part is weak enough. In this case, the vein could be still subvertical to the bedding plane. Thus, these σ Figure 13 . Simple representation of vein formation at the time of pore fluid increasing to produce hydraulic fracturing, and slip along a plane, whose normal is at an angle α to the σ, direction. Diagonal line is the failure line for collapsed sediment. See Figure 10 .
two planes-the subvertical vein and the bedding parallel slip-can be explained by the same stress field, as discussed by Mount and Suppe (1987) and Byrne and Fisher (1990) . This case is illustrated in Figure 13 .
When the stress drop occurs at the time of fracturing, the surrounding pore fluids, which might be rich in suspended clay contents, invade the vein, and then clay minerals such as montmorillonite are deposited. These clay minerals are sometimes arranged parallel to the vein and sometimes at random. In the former case, this is because flow along the vein may have brought the clay grains.
At Site 784 (Leg 125), vein structures are present even in the Pliocene section. The cored samples are very soft and are called "clay" instead of claystone. This means that the veining might have occurred when the sediment became just barely compacted and were only slightly strengthened. The clay is coherent because of its clay mineral coherency; more radiolarian or vitric ash content could possibly be more rapidly cemented by the recrystallization of those materials. The fracturing needs a certain strength, either extensional or shear, before it can flow. This is one of the reasons that a definite Lithology and horizon contain the vein structures.
It is known that veins are sometimes formed vertical to the bedding plane and have symmetrical braided tails on each of the edges. Usually no displacement occurs in the central part, although some displacement in a normal fault sense is seen in the braided parts. This suggests that veins originated as extension fractures from the central part and then became shear fractures at the edges, both associated with the vertical plane. On the other hand, sometimes veins are either slightly or considerably inclined to the bedding plane, which suggests that they are the result of subvertical or inclined fractures. Sometimes a slight dislocation is observed, suggesting that shear motion occurred along the vein plane. In this case, the vein originated from a normal fault (or possibly an extensional or shear joint at first) and was dislocated later in association with anastomosation and rotation. The sigmoidal vein shapes indicate that rotation is necessary during their development. The shearing sense for the bedding slip can coexist with the development of veins as a tension gash.
Thus, although there are two types of vein structures, it is notable that veins can occur as either tension gashes or shear fractures. In both cases, they usually must be vertical or subvertical to the bedding plane. The differential stress must be very small under fairly shallow depths. Several stages of vein formation are explained by the rotation of veins caused by shearing. In most cases, the sense of shear is downslope for normal faulting as it is for the vein array, as indicated in many places (Ogawa and Miyata, 1985; Shipboard Scientific Party, 1990) . This strongly supports the fact that a horizontal stretching stress field occurs in the near-surface of most forearc regions.
As described in the thin section chapter, the materials within the veins are mostly clay minerals. This indicates that they were deposited in the fluid filling the vein. As discussed in Ogawa and Miyata (1985) and suggested in Shipboard Scientific Party (1990) and Knipe (1986) , the stress drop (reduced stress) at the time of fracture formation might evacuate the surrounding water, which is rich in clay content, to precipitate the clay mineral. Such a hypothesis for vein formation is most preferable.
Tectonic Implication of Vein Structures
The on-land example in the Miura-Boso peninsulas was taken from the Miocene to Pliocene accretionary prism in central Honshu (Ogawa et al., , 1989 . In this case, the accreted sediments were thought to be deposited originally on the trench landward slope of the Izu-Bonin island arc and then incorporated landward by the subduetion and accretion of the Philippine Sea Plate.
The two sites for the vein structures covered in this study are located in the outer part of the forearc basin of the Izu-Bonin island arc. This basin originated from the "failed rift" that opened along the volcanic front during the early Oligocene for a short period (Taylor, Fujioka, et al., 1990, pp. 315-403) . Sediments were deposited first as volcaniclastic rocks during the Oligocene; scarce volcanic materials were then deposited during the Miocene. North-trending normal faulting occurred within the forearc basin to stretch the sediments; it is not yet known exactly when the stretching occurred in the forearc basin.
Even if the veins were formed as extensional fractures subvertical to the bedding plane or as shear tension gashes under shear stress, our results (i.e., that most vein planes trend northwest) substantiate our interpretation that the veins were formed under the northeast-stretching stress field. The veins may have formed at an early stage after sedimentation, possibly during late Oligocene to Miocene time. It is said that the Izu-Bonin island arc was once connected to the present Kyushu-Palau Ridge to form a proto Izu-Bonin-Mariana island arc before the opening of the Shikoku-Parece Vela basin (before 30 Ma; i.e., late Oligocene). We do not know the exact stage of the vein formation, but it may have occurred when the Izu-Bonin Arc was still trending northwest, or during the change from a northwest to a north trend between 30 and 16 or 12 Ma (Seno and Maruyama, 1984; Chamot-Rooke et al., 1987; Jolivet et al., 1989) . This interpretation must still be checked by various points of view, but if correct, then the veins formed during extension are perpendicular to the arc.
